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SUMMARY 


Tests to determine the effect of heat on the pressure drop 
through radiator tubes vere inade to establish tlie adequacy of 
previously developed theory.. Tubes of various length -diameter 
ratios typical of those in current practice were tested Ihrou^ a 
wide range of heat-input rate. The tube entrance I^ch number was 
varied from 0 .12 to the value for choking at which sonic velocity 
was attained at the tube exits . At usual radiator operating 
teii^eraturea and Mach numbers the addition of heat produced large 
increases in the pressore drops required to induce given flows of 
cooling air throiigh the tubes. These increments in pressure drop 
were in good agreement with increments obtained from theoretical 
calculations of the heating effect. For very hi^ tube temper- 
atures corresponding to high rates of heat input ■the experimental 
pressure -drop increments for tubes of large length -diameter ratios 
exceeded -the theoretical yadues by an appreciable amount in the 
■vicinity of the choking l^ch numbers. The experimental choking 
Mach numbers, however, agreed wi^fch ■the values predicted by theory 
for all tubes tested. 


INTRODUCTION 


A problem in ■the desi^ of cooling' systems for modem high- 
performance airplanes is the prediction of the pressure drops 
required across tubular radiators to induce ■the necessary mass 
flows of cooling air. The primary effect of heating a radia-tor 
tube is known to be an increase in the pressure drop required to 
force a given mass of cooling air -throu^ - the tube . 

In reference 1 a simplified ■theoreticed method of evaluating 
the required pressure drop across a heated radiator is presented 
in the form of curves from which' ■the pressure drop can be ob^talned 
if -the radiator dimenoions, the ra-te of heat input, the pressure 
and temperature ahead of the radia^bcr, and the required rate of 
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mass flow of air througji the radiator are Imown. The theoretical 
pressure “drop characteristics given in reference 1 show the 
con^ressihility effects present at hi^ Mach nvuribers as well as 
the heating effects and were in excellent agreement with experimental 
characteristics for vinheated radiator tubes.., No comparable experi- 
mental data were available for heated tubes. The existing data on 
the heating effect were generally limited- to . low tube Mach nxmibers 
and in many cases the heating effect could not be isolated because 
of the existence of other variables. (See referoncee 2 and 3 ») 

The purpose of the present investigation is to determine 
experimentally the pressure -drop- characteristics of heated radiator 
tubes in order to establish the adequacy of the theory of reference 1 
for use in predicting the effects of heating. Tubes of several 
length “diameter ratios typical of those in present use for. airplane 
radiators were tested. Tor each tube the mass;.flpw was varied. from 
a minimjim • value corresponding ta an entrance Mach number of. about 
0.12 to the maximum value that could b© ob.taliied corresponding to 
the .choked condition in which sonic velocity. is reached at the 
tube exit. . The heat input was varied from lew values to values 
corresponding to tube teng)aratures appreciably hi^er than the, 
ten?>eratur6S at which airplane radiators are usually operated . - 

For ease of comparison the same symbols and radiator tube 
station? are used herein as were used in reference 1. 




A; 

a 



cross-sectional area of radiator tube, square feet 
veloclly of sound in air, feet per second 


skin -friction drag coefficitet 




c_ ■ ■ specific heat of air at constant preasur?, Btu per pound 
per °F (0.^) . . 

D|. ^ drag force due to skin friction, pounds ' . 

d radiator -tube diameter, feet 

g acceleration of gravity, feet per second per second 
H heat added in radiator, Btu per second 
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L 

M 

m 

P 

Ap 

a 

E 

s 

T 

V 

P 

M- 

7 


length of radiator tube, feet 
Mach number (v/a) 

mass— flow rate, slugs per second (pAv) 
static pressure, pounds per square foot 

total pressure at statical 2 minus static' pressure at station 
r^, pounds per 'square foot 


dynamj.o pressure, pounds per square foot 
Eeynolds number 




Ar, 




(H 


^ea of inside surface of radiator tube, square feet 

free— stream air temperature, °F absolute 

velocity in radiator tube, feet per second 

density, slugs per cubic foot 

viscosity of air, pound— seconds per square foot 

ratio of specific heat of air at constant pressure to 
specific heat of air at constant voliane (l.h) 


Subscripts 

1 low spe.ed, condition for incompressible unheated flcjw 

2 station ahead of radiator 

1^2 within radiator at tube entrances 

r^ within rad-iator at tube exits 


TEST AEPAEATUS 


A sketch of the test setup is shown as figure 1. Air from 
the compressor flowed into the supply tank where any condensed 
moisture settled out. The air then passed throu^ a steam 
radiator and two pressure- regulator valves into a surge tapk, 
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the volume of which was approximately 3,5 cubic feet. A lOO-iiesh 
screen was installed in the surge tanlc. Air from the surge tank- 
entered the radiator tube through a bell-mouth entrance and exhausted 
out of the rear of the tube to the atmosphere . The rate of air flow 
throu^ the radiator tube was controlled by varying the pressure in 
the surge tank. The air in the surge tank was maintained at the 
desired pressure by use of the two pressure— regulator valves. The 
temperature of the air could be raised by the steam radiator to a 
value hi^ enoiigh to prevent condensation of moisture in the expansion 
occurring at the tube entrance. 

Tubes of approximately 6 -, 12 —, 2li— inch lengths having 

length-diameter ratios of 29.25, 58,50, 07.75, aM 117,00, respectively, 
were tested. The tubes were made from, 6,250— inch" Inconel tubing which 
was reamed and polished to a constant inside diameter of 0.205 inch. 
Inconel was used because of its hi^ electrical resistivity since the 
tubes were heated by passing an electric current throu^ them. 

This method of heating gives an approximately constant rate of heat 
input per unit length of tube. The electrical circuit is shown in 
figure 1 . The power was supplied by a bank of storage batteries, and 
the flow of current was regulated by means of a slide-wire rheostat. 

The power input was measured with an ammeter in series with the tube 
and a voltmeter which measured the voltage drop across the tube. 

Thermocouples were silver soldered on the tubes at the approxi- 
mate locations shown in figure 1 . Stagnation tei^erature ahead of 
the tube was measirred by means of a thermocouple installed in the 
surge tank. Static-pressure tubes were installed in the surge tank 
and bell-mouth throat (fig. 2). 

The radiator tube was Instilated thermally from, the surge tank 
with an asbestos geisbat. (See fig. 2 .) A plywood shield was 
Installed conpletely around the tube, as shown in figure 1 , to 
provide a dead-air space and to prevent drafts from affecting the 
temperat\are of the tube. A thermocouple installed on the shield was 
used in conjunction with the three tube thermocouples to measure the 
heat losses during the teats. 


TEST METHOD 


Each of the bell-mouth entrances to the radiator tubes was 
calibrated for the unheated condition so that the actual mass flow 
could be determined from the pressure and temperature measurements at 
the tube entrance in the surge tank. The calibration was made in the 
following manner; The supply tank was filled with air to a pressure 
of approximately I50 pounds per sq.uare inch and the pressure and 



MACA TN No. 1362 


5 


ten5)erature of the air In the supply tank were recorded. Air was 
then allowed to flow through the supply line, into the stirge tank 
which was held at constant pressure hy the regulator- val7.es, and 
through the radiator tube into- the atmosphere. While air -was 
flowing throu^ thh tube, the .pressures at stations. 2; and . and 

the temperature at station 2 were recorded. •' After 't^' air' pressure 
in the supply tank dropped to approximately 50 pound's pet Sq.x;iare 
inch, the flow of air was stopped. The total ..time phat’ the’ air had 
"been flowing wan meastired and recorded and the pressure and temper~ 
atxjre of the air in the supply tank were again recorded. Since the 
voliuae of the tank wae known, the amount of air that f. lowed out of 
the supply tank could he computed. This procedure was repeated for 
various pressure drops across the tube over its teat range. The 
mass flow was computed from the' pressure s-measared at. stations 2 
and rg, the • ten^arature at station 2, and the ,ar<^a .of the tube. 

The 'calibration constant, or ratio of actu^ .mass flow- to 'calculated 
. mass flow, was fovind to vary between 0. 97 and I'.OO for' the various 
entrances. ; •; . ‘ 

•• A calibration of the heat losses for varioTis operating tube 
temperatures was- made .as follow^': Variovis .amounts of power, were 

put into the tube and the stabilized tube and shield temperatures 
were measured with no air f loafing through the tube. The average 
tube temperature minus the shield temperature was then used as an 
index of the heat lose. During the -tests it was assumed that 
with air f io-^»-ihg thr9ugh the radiator tube , a given average tube 
ten5>eratur3 mj.nus shield temperat'ure indicated the same loss as that 
obtained with the no— flow condition. These losses were subtracted 
from the total heat input to the tube to get the actual heat input 
into the air. Althou^ air f lowing ; thro vi^^i the tube changed the 
temperature distributicn along the tube, the error occurring in the 
use of . the a-rerage tuba ten^erature to determine the heat losses was 
smell and therefore was' -neglected. The losses for the tubes tested 
varied from approximately 2 percent to approximately 25 percent of 
the total power input depending upon the length of the tube , the 
entrance Mach number, and the rate of heat input. The hipest 
percentage loss occurred for the shortes't tube at low Mach numbers. 
With increasing Mach nvmiber and increasing tube, length the heat loss 
decreased rapidly, and in all cases the loss 'was relatively small 
near choking conditions. 

Preliminary calculations showed that the air would reach the 
satTiration condition in the tiibe entrances at the hi^er Mach numbers. 
In order to prevent this condition it was decided to heat the entering 
air. A' small tubular radiator was designed and constructed for this 
' purpose and steam was used as the heating medium. Preliminary check 
tests were made with and without' heating to determine the effect of 
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oondensa.'blon • TobI; condltlotis were choeen for ^rtilch saturation 
teag)eratures would “be encountered if tite air were not heated* The 
results indicated that the tube pressure drop for a given Mach number 
was the same jregardless of whether preheating was used* A similar 
result was obtained in the investigation in reference 4 . The data 
shown Jji the present paper were obtained without preheating the air* 
Inlet -air tenperatures averaged about 80 ® P. 


RESULTS AND DISCUSSION 


Evaluation of Apj^.- The effects of heating and ccmpresslbility 

on the paressure drop through tubes can be conveniently es 5 >ressed in 
terms of the ratio of the actual pressure drop for a given operating 
condition Ap to the "incompressible" pressure drop Ap^ which 
would exist if no heating or cmpressibillty effects were present. 
(See reference 1.) The value of Ap^ is easily computed if L/d 

and the Reynolds number for the tube are Known. Equation (2a) of 
reference 1 gives the following expression for Apj^ 



In equation (l) the drag coefficient of the tube Cp depends only 

fi 

on L/d and the Known Reynolds number eind can be obtained directly 
from figure 2 of reference 1* The mass flow m and the density P 2 

are known for the operating condition under consideration. After Apj^ 
is calculated by this method, the actual pressure drop Ap can be 
determined if the ratio Ap/<^i is Known. Reference 1 shows that 
A?/Api for a given tube is a function of only ihe entrance Mach number 
M^ and- the heat -input factor 5 The results of the present 

2 Cp€5mTrg 

tests are therefore given as plots of Ap/^i against Mach number 
M« for veuriouB values of • — -- y ■■■. 

The computation of Apj was essential in the reduction of the 
data to the form Ap/Ap^ . The value of Apj could have been' computed 
from the equation just given by use of values of Crj obtained from 

^1 
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figure 2 of reference 1. It was considered more accurate, hcwerer, 
to base the calculation on values of Cp actually measured for 

% 

the tubes tested. Tests vithout heat were therefore made for the 
same range of test Mach number for which tests were later made 
with heat;. The value of was obtained from measurements of 


the mass flow and pressure drop by means of the following relation 
from reference 1: 



The entrance Manh number in eqxiatlon (2) was obtained from the 
known mass flow, temperature and pressure ®'® shown in 

reference 1. The density ratio p„ /p^ needed for solution of 

^3 ^2 

this equation was obtained from simultaneous solution of the energy 
equation for an unheated tube 


^ 


y Pr^ 


2 7 - 1 ■ 2 7 - 1 


( 3 ) 


the continuity relation 


^2 ^2 ^3 3 


and the expression for the velocity of Bound 
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For 


y « 1.4, -Mio Bolution. for 






The quantity M .in equation (4) was obtained from the measured 

rg 

entrance conditions; p and p were measured directly. 


Tubes with smooth entrances .- Values of 


Ctv were first 


established for tubes of various length which had round smooth 
entrances (fig. 3)* Extensive laminar flow existed. This ccaidltlon 
is most apparent for the shorter tubes in. which a larger fraction of 
the tube length was subjected to laminar flow. At Beynolds nunibors ^ 
above approximately 40,000 and 22,000 for the tubes for ^Ich 


^ C29.25 and - 5^*50, respectively, the point of transition 

d d 

from laminar to turbulent flow moved toward the tube entrance as the 
Reynolds number was further increased. At the hipest test Reynolds 
number (approximately 100,000) the experimental curves approach the 
curves for completely turbulent flow determined from the equation 



0 .07,85 


4 l -0 .25 


(5) 


The entrance Mach number was almost the same at a given Reynolds 
number for both the shorter tubes for Reynolds numbers up to about 

60,000 at \dilch choking begins in the tube for which ~ « 58*50. 

d 

Thus, the critical Reynolds nimibers shown are believed to be not 
influenced by Mach number. 

A comparison between experimental and theoretical static -pressure - 
drop ratios for given heat -input factors is presented in figure 4 for 

the smooth -entrance tube for which ~ • 29.25 with laminar flow 

d 
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present. At zero heat input the theoretical results were expected 
to agree with the experimental results because the drag coefficient 
Cjj was computed from data obtained for the unheated condition as 


previously discussed. When heat is added to the tube, however, 
large deviations occur between the i3ieoretlcal and experimental 
results. For the heated condition fluctuating data were obtained 
which could not be duplicated in repeat tests. The addition of heat 
at a fixed entrance Mach number and Reynolds number apparently caused 
the point of transition from laminar to turbulent flow to shift toward 
the tube entrance, and thus to increase the friction and heat -transfer 
.coefficients . This result was Indicated not only by the fact that the 
pressure -drop ratios (fig. if) are higher than those predicted by the 
theory (which assumes no change in skin -friction coefficient) but also 
by fluctuations in the tube temperature for a given heat input, lower 
temperatures occurring for the higher pressure drops . Since the 
assumption was made in reference 1 that addition of heat has no effect 
on the friction coefficient, the results of tests in which the friction 
coefficient is changed by the' addition of heat should not be expected 
to agree with the theory. 

Tubes with tran‘§’ltion fixed .- In an actual airplane radiator the 
tube entrances are usually sharp edge and are rou^ enough to cause 
turbulent flow to exist for the entire length of the radiator tubes. 

In order to simulate this actual operating condition and to avoid the 
difficulties arising frcxn the action of heating on the laminar flow 
the point .of transition was fixed in the entrance of the' tubes tested 
by a ring of commercial iron cement (Etopoth-On No. l) a few thousandths 
of an inch thick and approximately l/38 inch wide. (See fig. 2.) The 
rest of the data and figures given herein are for this fixed-transition 
condition. 


The relationship between Cjj. and Reynolds number was established 

■^1 

for the tubes with the transition fixed in the entrance in the same 
manner as that described for the tubes with smooth entrance. Slightly 
hi^er drag coefficients were obtained (fig. 5) tiian were predicted by 
the empirical relation for purely turbulent flow.- . The data in figure 5 
were used to compute the values of’ Ap. used in reducing the test data 
to the form Ap/Apj^. 

In figure 6 the variation of Ap/Apj_ with heat-input factor is 
presented for various entrance Mach numbers, for the shortest tube 

\d **29.2^. The effect Of '.the .addition of heat is very great and 

beccaaes particularly pronounced at the hii^er entrance Mach numbers . 

The critical pres sure, -drop -ratio line (sonic velocity attained at 'the 
tube exit) shows that the choking entrance Mach number is cchsldsrably 
reduced by the addition of heat. ' * 
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A comparison Ijotween experlmentaJL and theoretical static pressvire— 
drop ratios is presented for yemious heat— input factors and length— 


diameter ratios in, figure 7. 5'or the short tube 


('1 = 29.25) 


good 


agreement is noted for all values of heat— input factor obtained 
(figs. 7(a) to 7(e)). With Increasing length-diameter ratio rend 
increasing heat— input factors the discrepancy between the theoretical 
and experimental values becomes larger The discrepancy also becomes 
more pronoinoced as the entrance Mach- numbers are increased toward 
their choking values. ■ The choking Mach numbers indicated in the teste 
were in good agreement with the' theoretically predic-bed choking Mach 
numbers . ' , . 


The discrepancy between theory and experiment at conditions of 
hl^ heat— input rate for Mach numbers near choking is believed to be 
diie to a simplifying approximation made in the theory. This approxi- 
mation involved the assumption that the theoretical relation between 


the' friction factor Cjj 




and density ratio 


V' 


S' 


relation which was known exactly only for the unheated condition, 
could bo used also for the heated condition. As pointed cut in 
reference 1, this assumption will resvilt in negligible error except 
for extremely high heat— input rates or for Mach numbers near choking. 
The magnitude of the error involved was evaluated for a flow condition 
at high heat- input and-hi^ Mach number by computing the pressure 
drop by means of a step-by— step integration process along the tube, 
which eJ. imln ated the necessity for making the aforementioned approxi- 
mation. The result obtained was in close agreement with experimental 
results. , The .discrepancies noted in figure. 7 for the extreme flow 
conditions are thus attributable to the assumption made regarding 
the friction factor in the theory. As a corollary, the other 
important assumptions made in the theory appear to be Juatified. Of- 
particular .interest is. the assuiaption that the velocity profile at 
any given station in the tube is not altered by the addition of heat. 
The results Just described iiidlcate that this assumption is correct 
when the tube flow is entirely turbulent. 'When appreciable laminar 
flow was present, howe'^er, the addition of heat had a marked effect 
on the flow stability and velocity profile , which tended to move the 
point of transition from laminar to turbulent flow forward towards 
the tube entrance, as previously described. 


In the present tests heat was added to the tubes at a constant 
rate per unit • length of tube In an actual radiator instaliatlon 
heat is not added in this manner but more nearly at a constant tube- 
wall 'temperature . An Investigation to determine the difference in 
/Jp/Apa obtained from the two .methods of adding heat disclosed that 
for- the worst condition for which data are presented (the tube for 



11 


MCA TN No. 1362 

whicfi =! 29.25 and heat— input factor = 6.3):, the difference in 
Ap/Apj^ was less th^ 2 percent of the value obtained for uniform 
addition of heat. : .• > 

At entrance Mach nvunbers below the value at which choking begins j 
the difference between the theoretical and experimental reeiilts is 
small even for high heat inputs and long tubes. An example is given 
in reference 1 for an airplane radiator in current use . For this 
example, at sea level (maximum = O.I98 and heat— input 

■2 

factor = 0.07k) the difference between the theoretical and experi- 
mental results is less than 2 percent of the theoretical prediction 
of Ap/Apj. At an altitude of 30^000 feet (maximum .= O.165 

and heat— input factor = 0.31k) the difference is less than 3 percent 
of the valxje of Ap/Apj^ predicted by theory. It thus appears that 

for typical present-day practical applications the theoretical curves 
of reference! may be used directly to obtain the effects of heat and 
compressibility on the pressure drop in tubular radiators. 


CONCLiroiHG EEMARKS 


Tests to determine the effect of heat on pressure drop throii^ 
radiator tubes were made to establish the adeq.;iacy of previously 
developed theory. The primary effect of heating in radiator tubes 
is to ca-use a large increase in the pressure drop req.uired to produce 
a given cooling-air flow. The choking or limiting entrance Mach 
number is redxioed as heat is added. The capacity of the simplified 
theory to predict these effects with satisfactory accuracy for tube 
dimensions and heat— input rates encountered in present-day practice 
is established by the present test results. For heat— input rates 
beyond current practice the experimental pressure req.ulrements 
exceeded the theoretical predictions by an amomt which increased 
with an increase in the tube length-diameter ratio, the heat— input 
rate, and the entrance Mach nximber. The experimental choking Mach 
numbers, however, were in good agreement with those predicted by 
the theory for even the highest heat— input rates. 

The fact that heating causes changes of the velocity profl 3 .e was 
indicated at the lower Reynolds numbers when an appreciable length of 
laminar flow existed in the forward end of the tubes with smooth rounded 
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entrance Si When the flow through the entire length of the tubes was 
turbulent, the results Indicated that the velocity profile was hot 
altered by the .addition of heat. 
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Figure 2 - Section through r£^di<3tor tube. 
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Fig. 7c 























